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•  Novel  MEA  with  low  Pt  loading  of 
0.012  mg  cm  2  at  anode  prepared  by 
a  pulse  electrodeposition  method. 

•  Ir@Pt  nanoparticles  were  prepared  by 
in-situ  depositing  Pt  atoms  on  the  Ir/ 
C  nanoparticles. 

•  The  MEA  shows  excellent  single  cell 
performance  and  high  Pt  utilization. 

•  The  synergetic  effect  of  Pt  in  shell 
and  Ir  in  core  may  result  in  the  ultra- 
high  performance  of  the  MEA. 
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Ultra-low  Pt  loading  membrane  electrode  assemblies  (ULP  MEAs)  are  prepared  through  in  situ  con¬ 
struction  of  core-shell  Ir@Pt  nanoparticles  (Ir/Vulcan  XC-72R  as  the  core)  on  the  surface  of  an  electrode 
via  a  pulse  electrochemical  deposition  (PED)  approach.  The  core  material  is  coated  on  a  membrane  with  a 
conventional  catalyst-coated  membrane  process  prior  to  the  deposition  of  the  shell  metal  (Pt  in  this 
case).  The  ULP  MEAs  are  characterized  by  X-ray  Diffraction  (XRD),  Transmission  Electron  Microscopy 
(TEM)  and  X-ray  Photoelectron  Spectroscopy  (XPS).  The  effects  of  a  number  of  preparation  parameters  on 
cell  performance  are  investigated  in  detail.  The  performance  of  the  ULP  MEA,  in  which  the  anode 
loadings  of  Pt  and  metals  are  ~  0.012  mg  cm-2  and  0.044  mg  cm_2(0.012  mg  cm-2  Pt  +  0.032  mg  cm-2 
Ir)  respectively,  is  found  to  be  competitive  with  that  of  an  MEA  prepared  with  an  anode  Pt  loading  of 
0.1  mg  cm-2  (commercial  Pt/C  catalyst  from  Johnson  Matthey),  manifesting  the  solid  advantage  of  this  in 
situ  PED  method. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  hold  great  prom¬ 
ise  for  replacement  of  the  currently  dominative  Lithium-ion  batteries 
and  internal  combustion  engine  as  power  sources  with  high  power 
density  and  negative-to-zero  environmental  impacts  [1—5].  Unfor¬ 
tunately,  a  number  of  issues  still  hamper  their  large-scale  application: 
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(i)  relatively  high  cost  due  to  the  use  of  platinum  catalysts,  (ii)  poor 
long  term  operation  stability  and  (iii)  adaptation  to  extreme  envi¬ 
ronments  [2,6-8],  However,  the  main  driver  for  reducing  Pt  loadings 
down  to  really  low  levels  on  the  anode  side  is  for  the  really  cost- 
challenging  automotive  application.  Currently,  there  are  two  paths 
to  go  for  Pt  usage  reduction:  one  is  to  synthesize  low-platinum  cata¬ 
lysts  with  high  Pt  utilization  [9—12  and  another  is  to  develop  high- 
performance  MEAs  with  low  platinum  loadings  [13-18], 

In  general,  the  preparation  of  MEAs  with  low  Pt  loadings  are 
conducted  by  direct  deposition  of  Pt  catalysts  on  the  surface  of 
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membrane  or  back  layer,  with  the  aim  of  the  high  Pt  exposure  or 
dispersion  translating  through  to  high  Pt  utilization  in  the  MEA.  The 
obvious  disadvantage  of  this  traditional  method  is  the  probable 
encapsulation  or  blockage  of  the  active  Pt  catalyst  by  the  binding 
materials  in  MEAs,  offsetting  the  beneficial  effect  of  a  larger  Pt 
dispersion.  Cavarroc  et  al.  [19]  reported  a  high-performance  MEA 
prepared  by  directly  depositing  Pt  on  the  back  layer  of  a  MEA  using  a 
sputtering  technique,  the  Pt  loading  in  this  case  was  one  order  of 
magnitude  lower  than  that  in  the  majority  of  other  studies.  Shu  and 
co-workers  [20]  prepared  an  MEA  by  depositing  Pt  nanoparticles  on 
the  back  layer  of  a  gas  diffusion  layer  using  an  atomic  layer  deposition 
(ALD)  approach,  this  MEA  demonstrated  impressive  single-cell  per¬ 
formance  with  a  power  output  of  2.95  kW  g-1  Pt.  However,  these 
approaches  are  difficult  to  scale  up  in  practical  applications  due  to  the 
harsh  demands  on  the  deposition  equipment.  A  pulse  electrodepo¬ 
sition  method  was  attempted  by  Li  et  al.  [21  ]  to  prepare  MEA  with  an 
expectation  on  Pt  crystallite  and  morphology  control  by  introducing 
polyethylene  glycol  (PEG)  into  the  plating  bath.  However,  only  a 
limited  success  was  obtained  due  to  the  relative  large  Pt  particles. 

Pulse  electrodeposition  (PED)  is  becoming  an  attractive  method 
for  decorating  materials  with  unique  structures  [9,18,22-31]. 
Recently,  the  PED  method  was  applied  in  our  laboratory  to  prepare  a 
core-shell  catalyst,  in  which  core  nanoparticles  were  covered  by  an 
ultra-thin  Pt  or  Pd  shell  layer,  and  achieved  acceptable  utilization  of 
active  metals  and  cell  performance  [32].  Motivated  by  this  success, 
we  attempted  to  prepare  MEAs  with  low  platinum  loadings  through 
in  situ  construction  of  core-shell  nanoparticles  with  a  PED  method, 
by  which  Ir/C  is  firstly  sprayed  onto  the  Nation®  membrane  via  a 
conventional  catalyst-coated  membrane  (CCM)  process,  followed  by 
the  pulse  deposition  of  an  ultra-thin  Pt  shell  layer  on  the  Ir  nano¬ 
particles  of  Ir/C  bonded  on  the  anode  catalyst  layer.  Excitingly,  the 
MEAs  prepared  with  this  approach  exhibited  excellent  performance 
and  improved  platinum  utilization.  The  performance  of  a  MEA  with 
anode  Pt  loading  of  0.012  mg  cm-2  is  competitive  to  that  of  a  con¬ 
ventional  MEA  with  anode  Pt  loading  of  0.1  mg  cm-2. 

2.  Experimental 

2.1.  Fabrication  of  the  Ir/C  anode-based  MEA 

The  carbon-supported  Ir  core  was  prepared  by  an  organic  colloid 
method  previously  reported  by  our  group  [33].  Briefly,  iridium  chlo¬ 
ride  (IrCb)  and  sodium  citrate  were  dissolved  in  ethylene  glycol,  then 
Vulcan®  XC-72R  carbon  black  was  added,  followed  by  stirring  for 
30  min.  The  pH  of  the  solution  was  adjusted  to  >10  by  adding  dilute 
KOH/EG.  The  mixture  was  then  placed  into  a  Teflon®-lined  autoclave 
and  reacted  at  180  °C  for  8  h,  followed  by  filtering,  washing  and  vac¬ 
uum  drying  at  70  °C.  For  simplicity,  we  denoted  the  prepared  Ir/Vulcan 
XC-72R  sample  as  Ir/C. 

The  Ir/C  anode-based  MEA,  with  Ir/C  catalyst  as  the  anode  was 
prepared  by  the  following  procedures:  First,  home-made  Ir/C 
(20  wt.%  Ir)  catalyst  was  mixed  with  5  wt.%  Nafion®  ionomer  so¬ 
lution  (DuPont,  USA)  and  isopropanol,  then  sonicated  for  30  min  to 
achieve  homogeneous  dispersion.  The  mixture  was  then  directly 
sprayed  onto  one  side  of  the  membrane,  covering  an  area  of  5  cm2. 
The  weight  ratio  of  the  Ir/C  catalyst  to  dry  Nafion®  was  2.2:1.  The  Ir 
loading  was  0.032  mg  cm-2.  For  comparison,  a  carbon-based  anode 
(without  Ir)  was  prepared  by  the  identical  process  described. 

2.2.  Preparation  ofIr@Pt/C  anode-based  MEA  by  pulse 
electrodeposition 

A  laboratory  set-up  was  used  to  prepare  the  Ir@Pt/C  anode- 
based  MEA,  which  is  schematically  presented  in  Fig.  1.  The  Ir/C 
anode-based  MEA  was  framed  in  a  fixed  area  of  5  cm-2,  with  the  Ir/ 


C  anode  serving  as  the  working  electrode,  platinum  wire  and  an  Ag / 
AgCl  electrode  (3  M  KC1)  as  the  counter  and  reference  electrode, 
respectively.  Once  a  pulse  deposition  current  was  applied,  Pt  was 
deposited  on  the  Ir  nanoparticles  to  form  core-shell  structured 
Ir@Pt.  It  is  worth  noting  that  the  Ir/C  electrode  should  be  activated 
before  PED  by  potentiostatic  treatment  at  -0.1  V  for  60  s  in  0.5  M 
H2S04  under  the  protection  of  N2,  transforming  the  possible  formed 
oxide  film  on  the  surface  of  Ir  nanoparticles  into  metallic  Ir.  The 
current  density  was  fixed  at  2.5  mA  cm-2  for  PED.  After  that,  the 
MEA  was  immersed  in  0.5  M  H2SO4  at  70  °C  for  30  min  to  remove 
the  possible  Cl-  contaminant.  The  Pt  loading  of  the  Ir@Pt/C  anode 
was  detected  by  atomic  absorption  spectroscopy  (AAS). 

The  cathode  was  prepared  as  follows:  the  catalyst  was  directly 
sprayed  on  the  membrane  under  illumination  using  40  wt.%  com¬ 
mercial  Pt/C  (JM4100,  Johnson  Matthey),  yielding  a  Pt  loading  of 
0.2  mg  cm-2.  PED  Ir@Pt  MEA  (Ir/C  as  the  substrate  or  core)  was  used 
to  denote  the  MEA  prepared  with  the  PED  method.  For  comparison, 
other  MEAs  were  denoted  as  PED  Pt/C  MEA,  JM-0.1  MEA 
(0.1  mg  cm-2  Pt  anode  loading),  JM-0.012  MEA  (0.012  mg  cm-2  Pt 
anode  loading)  and  JM-0.044  MEA  (0.044  mg  cm-2  Pt  anode 
loading).  JM-0.1  MEA,  JM-0.012  MEA  and  JM-0.044  MEA  were 
prepared  totally  by  using  the  conventional  catalyst  coated  mem¬ 
brane  method,  but  not  the  PED  method. 

The  PED  Pt/C  MEA  with  an  anode  Pt  loading  of  0.012  mg  cm-2 
was  prepared  by  the  same  procedure  as  that  for  the  PED  Ir@Pt  MEA 
by  using  XC-72R  carbon  to  substitute  Ir/C. 

The  JM-0.1  MEA,  JM-0.012  MEA  and  JM-0.044  MEA  were  pre¬ 
pared  by  the  method  previously  reported  by  our  group  [15],  using 
JM  Pt/C  catalyst  for  both  anode  and  cathode.  The  Pt  loadings  at  the 
cathode  were  all  set  to  be  0.2  mg  Pt  cm-2  with  an  only  difference  at 
the  anode  Pt  loading,  0.012,  0.044  and  0.1  mg  cm-2  for  JM-0.012 
MEA,  JM-0.044  MEA  and  JM-0.1  MEA  respectively.  The  detailed 
specifications  of  MEAs  prepared  in  this  work  were  tabulated  in 
Table  1. 

2.3.  Assembly  and  measurement  of  the  MEAs 

The  MEA  was  assembled  by  putting  gas  diffusion  layers,  which 
were  prepared  by  spraying  a  carbon-Teflon®  mixture  on  the  pre¬ 
treated  carbon  paper,  on  the  anode  and  cathode  side. 

The  MEA  was  tested  using  a  Fuel  Cell  Testing  System  (Arbin 
Instruments,  USA).  The  cell  temperature  was  maintained  at  70  °C. 
H2  and  air,  as  the  fuel  and  oxidant  gas  respectively,  were  fully  hu¬ 
midified  (100%  humidification,  hydrogen  and  air  both  were  set  at 
70  °C)  before  feeding  with  a  flow  rate  of  300  seem  min-1  for  H2  and 
800  seem  min-1  for  air.  The  back  pressure  for  both  the  anode  and 
cathode  was  30  psi. 

2.4.  Characterizations  of  the  MEAs 

The  morphology  of  the  Ir@Pt/C  catalyst,  which  was  peeled  off 
from  the  MEA’s  anode  by  ethanol,  was  observed  using  a  high- 
resolution  transmission  electron  microscope  (JEOL  JEM-2010HR, 
Japan)  operated  at  300  kV.  The  nanoparticle  crystal  structure  was 
determined  by  X-ray  diffraction  (TD-3500,  Tongda,  China)  using 
filtered  Cu  Ka  radiation  at  40  kV  and  30  mA.  The  26  region  between 
10°  and  80°  was  measured  at  a  scan  rate  of  4°  min-1.  The  element 
binding  energies  were  analyzed  by  X-ray  photoelectron  spectros¬ 
copy  (XPS)  on  a  PerkinElmer  PHI1600  system  (PerkinElmer,  USA) 
using  a  single  Mg  Ka  X-ray  source  operating  at  300  W  and  15  kV. 
The  binding  energies  were  calibrated  using  the  C  Is  peak  of 
graphite  at  284.6  eV  as  the  reference. 

Electrochemical  impedance  spectroscopy  (EIS)  and  cyclic  vol¬ 
tammetry  (CV)  were  performed  on  a  Zahner  IM6e  electrochemistry 
station  (Zahner,  Germany).  The  measurements  were  carried  out  at  a 
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Fig.  1.  (a)  Schematic  illustration  of  PED  setup  and  (b)  in  situ  formation  of  core-shell  structured  MEA  through  pulse  electrodeposition  process. 


cell  potential  of  0.8  V  with  an  amplitude  of  5  mV  and  in  the  fre¬ 
quency  range  of  0.1—1000  Hz.  CV  measurements  were  conducted 
using  humidified  N2  at  the  cathode  (working  electrode)  and  hu¬ 
midified  H2  at  the  anode. 

3.  Results  and  discussion 

Fig.  2  shows  the  XRD  patterns  of  the  anodes  in  different  MEAs. 
The  Ir/C  prepared  in  this  work,  which  was  used  as  the  core  material 
for  further  preparation  of  PED  Ir@Pt/C  MEA,  showed  a  featureless 
XRD  pattern  and  this  might  be  explained  by  a  combination  of  the 
following  deductions:  (i)  the  Ir  loading  was  as  low  as 
0.032  mg  cm'2,  (ii)  the  particle  size  of  Ir  on  the  carbon  substrate 
was  only  — 1.0  nm  and  (iii)  the  possible  binding  effects  by  Nation® 
in  the  anode  layer  (blind  to  X-ray  detection).  In  comparison,  the  Pt 
(111 )  peak  at  the  Bragg  angle  of  39.6°  is  clearly  detected  after  PED  of 
Pt,  an  indication  of  successful  deposition  of  Pt  in  this  course. 

PED  deposition  of  Pt  on  the  MEA  with  XC-72R  carbon  black  as 
the  only  substrate  (i.e.  PED  Pt/C  MEA)  exhibited  a  stronger  Pt  (111) 
peak  than  that  for  the  PED  Ir@Pt/C  MEA  with  the  same  Pt  loading, 
implying  that  the  Pt  deposited  on  the  carbon  substrate  has  a  larger 
particle  size  relative  to  that  on  the  surface  of  the  Ir/C. 

The  JM-0.1  MEA  exhibited  somewhat  sharper  peaks  at  39.8°  for 
Pt  (111 )  and  46.2°  for  Pt  (200),  relative  to  PED  Ir@Pt/C  MEA  and  PED 
Pt/C  MEA.  This  result  may  confirm  the  advantages  of  the  PED 


Table  1 

The  detailed  specifications  of  the  five  MEAs  prepared  in  this  work. 


Name 

PED  Ir@Pt/C 
MEA 

PED  Pt/C 
MEA 

JM-0.1 

MEA 

JM-0.044 

MEA 

JM-0.012 

MEA 

Anode  Pt 

Loading/mg  cm-2 

0.012 

0.012 

0.1 

0.044 

0.012 

Cathode  Pt 

Loading/mg  cm-2 

0.2 

0.2 

0.2 

0.2 

0.2 

method,  through  which  ultra-thin  Pt  layer  or  small  sized  Pt  were 
formed.  Unfortunately,  the  mean  particle  size  of  Ir@Pt  on  the  PED 
Ir@Pt/C  MEA  and  Pt  on  the  PED  Pt/C  MEA  could  not  be  calculated 
because  of  the  weak  intensity  of  the  Pt  diffraction  peak  [34]. 
Furthermore,  the  refined  Pt  lattice  parameters  for  the  Pt  shell  of  the 
PED  Ir@Pt  MEA  showed  a  3.901  A  f.c.c.  lattice  constant,  which  was 
slightly  compressed  compared  with  the  JM-0.1  MEA  (3.923  A).  In 
addition,  the  Pt  (111 )  peak  position  of  PED  Ir@Pt/C  MEA  was  slightly 
shifted  to  a  higher  26  angle  compared  to  JM-0.1  MEA,  in  agreement 
with  a  similar  work  reported  by  Alayoglu  and  co-workers  [35].  It 
was  suggested  that  this  was  most  probably  due  to  the  deposition  of 
extreme  thin  layer  of  Pt  on  the  surface  of  elemental  Ir  rather  than 
the  formation  of  isolated  bulk  Pt  nanoparticles. 

Fig.  3  presents  TEM  images  and  their  corresponding  particle  size 
distribution  of  Ir/C  and  Ir@Pt/C.  The  particles  are  well  dispersed  on 


Fig.  2.  XRD  patterns  of  the  anodes  of  MEAs. 
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Fig.  3.  TEM  images  and  their  corresponding  particle  size  distribution  diagrams  for  Ir/C  (a,  c)  and  Ir@Pt/C  (b,  d).  The  dashed  lines  indicate  the  average  sizes,  which  are  1.2  nm  in  c  and 
2.3  nm  in  d,  respectively.  The  insert  image  in  b  presents  an  HRTEM  image  of  Ir@Pt/C  catalyst. 


the  Ir/C  and  Ir@Pt/C  catalysts  with  tiny  particle  sizes,  these  obser¬ 
vations  confirmed  the  XRD  patterns  with  broadened  Pt  diffraction 
peaks.  The  high-resolution  TEM  image  in  the  inset  in  Fig.  3(b) 
shows  a  typical  Pt  nanoparticle  with  (111 )  lattice  fringes  (0.23  nm). 
However  the  boundaries  between  the  Ir  core  and  Pt  shell  are  hardly 
discernable,  which  may  be  attributed  to  the  slight  lattice  mismatch 
of  Pt  and  Ir.  From  the  particle  size  distribution  histograms  in 
Fig.  3(c)  and  (d),  it  can  be  seen  that  the  deposition  of  Pt  increased 
the  grain  size  of  Ir  from  an  average  particle  size  of  1.2  nm— 2.3  nm 
Ir@Pt,  a  good  argument  to  confirm  the  core-shell  structure.  The 
shell  thickness  could  then  be  calculated  to  be  -0.6  nm  (i.e.  6  A), 
corresponding  to  less  than  two  layers  of  Pt  since  the  atomic 
diameter  of  Pt  is  3.7  A  Since  Pt  reduction  tends  to  occur  selectively 
on  the  metal  particles  due  to  similar  interface  tension  between 
different  metals  (in  this  case,  Ir  and  Pt),  the  Pt  deposition  on  carbon 
powder  is  less  possible.  In  the  presence  of  Ir  nanoparticles  on  the 
support,  Pt  tends  to  form  a  core— shell  structure  because  the 
interface  tension  between  Pt  and  Ir  is  much  less  than  that  between 
Pt  and  carbon  [36]. 

X-ray  photoelectron  spectroscopy  data  was  collected  to  investi¬ 
gate  the  surface  electronic  properties  and  composition  of  the  Ir@Pt/C 
catalysts.  Fig.  4(a),  (c)  shows  the  XPS  spectra  of  Ir@Pt/C  catalysts  for 
the  Pt  4f  and  Ir  4f  core  level  respectively.  In  spectral  deconvolution  it 
was  assumed  that  the  4f5/2  and  4f7/2  lines  have  the  same  half  widths 
and  the  same  spin  orbit  splitting  as  those  of  pure  Pt.  Deconvolution 
of  the  Pt  4f  spectra  in  Fig.  4(a)  shows  two  doublet  pairs,  which  are 
ascribable  to  metallic  Pt  and  oxidized  Pt  respectively.  The  intense 
doublet  at  71.74  eV  and  75.06  eV  is  a  signature  of  metallic  Pt  (Pt(0)), 
which  is  shifted  to  higher  binding  energies  relative  to  the  mono¬ 
metallic  Pt/C  catalyst  (Fig.  4(b)),  with  Pt  4f7/2  at  71.32  eV  and  Pt  4f5/2 
at  74.62  eV.  This  was  in  line  with  our  previous  finding  [11  ]  and  ob¬ 
servations  reported  in  other  group  [35].  It  maybe  explained  by  the  Pt 
covering  of  the  Ir  particles,  resulting  in  increased  5d  orbital  vacancy. 

The  Ir  XPS  spectra  in  Fig.  4(c),  (d)  show  two  doublets,  which 
according  to  the  literature  [37  ,  can  be  ascribed  to  metallic  Ir  (74%) 
and  Ir02  (26%).  After  Pt  deposition,  the  Ir  4f7/2  (60.91  eV)  and  Ir  4f5/2 


(63.9  eV)  for  the  Ir@Pt/C  electrode  shift  to  significantly  lower 
binding  energies  compared  with  the  monometallic  Ir/C  catalyst  (Ir 
4f7/2  at  61.85  eV  and  Ir  4f5/2  at  64.86  eV).  This  might  infer  the  for¬ 
mation  of  core— shell  configuration,  in  which  Pt  atoms  were  elec- 
trochemically  deposited  on  the  surface  of  the  Ir  particles  leading  to 
electron  transfer  from  Pt  to  Ir. 

CV  as  a  surface-sensitive  technique  was  used  to  probe  the  sur¬ 
face  structure  and  to  measure  the  electrochemical  surface  area 
(ECSA).  Fig.  5  shows  the  cyclic  voltammograms  of  PED  Ir@Pt/C,  PED 
Pt/C  and  Ir/C  MEAs  obtained  in  a  single  fuel  cell.  Although  no 
prominent  hydrogen  adsorption/deposition  peaks  can  be  found 
from  potential  ranges  from  0.1  to  0.3  V,  relative  comparisons  of 
ECSAs  conclude  that  the  ECSA  of  Ir@Pt/C  is  the  highest,  an  indirect 
proof  for  its  outstanding  Pt  utilization  efficiency.  The  non  promi¬ 
nent  hydrogen  adsorption/desorption  zone  in  Fig.  5  might  be 
caused  by  the  low  Pt  loading,  leading  to  relatively  high  Faradic 
charging/discharging  current  aroused  from  the  carbon  layer.  The 
occurrence  of  Pt  reduction  peak  of  the  PED  Ir@Pt/C  MEA  in  the 
region  of  0.6-0.8  V  during  the  reverse  scan  signifies  the  Pt  shell 
formation  around  the  It  core.  It  is  worth  noting  that  the  oxidation 
peak  of  the  PED  Ir@Pt/C  MEA  was  shifted  to  a  higher  potential  than 
that  of  PED  Pt/C  MEA  in  the  positive  going  scan,  possibly  suggesting 
an  interaction  between  the  Ir  core  and  Pt  shell. 

The  influence  of  ton/t0ff  ratio  (i.e.  the  time  ratio  between  depo¬ 
sition  on  and  off  for  the  PED  process)  has  been  investigated,  while 
other  parameters  remain  unchanged  to  ensure  the  deposition  of 
the  same  Pt  amount.  As  shown  in  Fig.  6,  negligible  differences  in  the 
performance  of  the  PED  Ir@Pt/C  MEAs  are  observed  in  the  lower 
current  density  end,  whereas,  striking  discrepancies  have  been 
found  in  the  higher  current  density  end  when  the  off  time  increases 
from  1.5  ms  to  12  ms.  Experimentally  we  found  that  low  off  time,  or 
high  ton/toff  ratio,  is  beneficial  for  cell  performance  enhancement.  It 
is  hypothesized  that  better  Pt  dispersion  on  the  Ir  core  may  be  one 
of  the  possible  origins  under  these  favorable  conditions. 

The  ton/toff  was  fixed  at  3  ms  and  1.5  ms  to  study  the  effects  of 
the  Ir:Pt  atomic  ratio  on  the  MEAs’  performance.  It  was  found  that 
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Fig.  4.  XPS  core-level  spectra  of  the  (a)  Pt  4f  in  PED  Ir@Pt/C  MEA,  (b) 

the  Ir:Pt  ratio,  or  the  amount  of  Pt  deposited,  significantly  affected 
the  performance.  As  shown  in  Fig.  7(a),  the  MEA  performance  is 
enhanced  with  the  increasing  amount  of  Pt  deposition:  the  MEA 
with  an  Ir/Pt  atomic  ratio  of  0.93:1  (0.035  mg  Pt  cm-2  at  the  anode) 
exhibited  the  best  performance  whereas  the  MEA  with  Ir/Pt  ratio  of 
4.7:1  (0.007  mg  Pt  cm-2  at  the  anode)  resulted  in  the  poorest 
performance. 

Fig.  7(b)  shows  the  performance  of  the  MEAs  benchmarked 
against  to  the  total  mass  of  the  metals  (Pt  +  Ir)  deposited.  The  MEA 
with  a  Ir/Pt  ratio  of  2.7:1  (metals  laoding:  0.044  mg  cm-2  at  the 
anode)  exhibited  the  best  performance,  the  mass  specific  activity  of 
the  MEA  is  as  high  as  15  kW  g-1  metals-  It  seems  that  in  this  work  the 
atomic  ratio  of  Ir  to  Pt  of  2.7:1  is  an  optimal  one  for  this  type  of 
MEAs. 


E/Vvs  RHE 

Fig.  5.  Cyclic  voltammograms  of  PED  Ir@Pt/C  MEA,  PED  Pt/C  MEA  and  Ir/C  MEA.  The 
measurements  were  performed  at  27  °C  using  humidified  N2  at  the  cathode  (working 
electrode)  and  humidified  H2  at  the  anode  (counter  electrode  and  reference  electrode). 
Scan  rate:  0.05  V  s-1. 


4f  in  JM-0.1  MEA,  (c)  Ir  4f  in  PED  Ir@Pt/C  MEA  and  (d)  Ir  4f  in  the  Ir/C. 

Fig.  8(a)  shows  the  single-cell  performance  of  MEAs  with 
different  anodes.  A  ton/t0ff  of  3:1.5  was  selected  for  PED  process  and 
the  Ir/Pt  atomic  ratio  of  2.7:1  was  pre-determinated  based  upon  the 
above  investigations.  It  was  found  that,  although  the  Pt  loading  for 
PED  Ir@Pt/C  MEA  is  one-tenth  that  for  JM-0.1  MEA,  the  cell  per¬ 
formance  is  comparable  with  each  other:  the  cell  performance  of 
PED  Ir@Pt/C  MEA  at  0.7  V  reaches  500  mA  cm-2.  Compared  with 
JM-0.044  MEA,  in  which  the  anode  Pt  loading  is  equal  to  the  anode 
metals  loadings  of  the  PED  Ir@Pt/C  MEA,  the  PED  Ir@Pt/C  MEA  still 
demonstrates  superior  single  cell  performance.  Meanwhile,  in  high 
current  density  region,  PED  Ir@Pt/C  MEA  with  relatively  low  anode 
Pt  loading  also  outperformed  JM-0.1  MEA  and  JM-0.044  MEA, 
indicating  that  the  thinner  catalyst  layer  of  Ir/C  helped  to  improve 
the  mass  transport  across  the  MEA.  What’s  more,  once  the  Pt 
loading  of  the  JM-0.012  MEA  was  lowered  to  the  same  level  as  PED 


Fig.  6.  Polarization  curves  of  PED  Ir@Pt/C  MEA  at  different  duty  cycles. 
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Fig.  7.  (a)  Polarization  curves  and  (b)  the  mass  power  density  of  PED  Ir@Pt/C  MEA  with 
different  Ir:Pt  atomic  ratios. 


Ir@Pt/C  MEA  (0.012  mg  cm-2  at  the  anode),  its  performance 
decreased  remarkably,  only  200  mA  cm-2  at  0.7  V,  indicating  the 
superiority  of  the  in-situ  fabricated  Ir@Pt/C  anode. 

There  is  a  big  cell  performance  difference  between  PED  Ir@Pt/C 
MEA  and  PED  Pt/C  MEA,  even  though  they  have  the  same  Pt  loading 
(0.012  mg  Pt  cm-2  at  the  anode).  We  hypothesized  that  the 
following  reasons  might  have  caused  the  above  difference:  (i)  high 
dispersion  of  Pt  on  the  surface  of  the  pre-formed  Ir  nanoparticles, 
which  results  in  high  Pt  utilization  and  performance,  and  (ii)  the 
possible  interaction  between  the  Pt  shell  and  Ir  core,  which  was 
confirmed  by  XPS  results. 

As  shown  in  Fig.  8(b),  the  mass  power  density  of  PED  Ir@Pt/C 
MEA  (normalized  to  the  Pt  loading)  is  up  to  55  kW  g-1,  which  is 
much  higher  than  that  of  JM-0.1  MEA  and  JM-0.044  MEA.  However, 
if  the  total  metal  loading  (Pt  +  Ir)  is  taken  into  account,  the  supe¬ 
riority  of  PED  Ir@Pt/C  MEA  will  be  weakened  and  its  mass  activity 
decreases  to  just  15  kW  g_1,  however,  it  is  still  2.5  times  higher  than 
that  of  the  JM-0.1  MEA  and  1.28  times  more  than  that  of  JM-0.044 
MEA,  respectively.  Considering  the  price  of  iridium  is  only  half  of 
platinum,  the  superiority  of  PED  Ir@Pt/C  MEA  is  still  quite  distinct. 
Under  this  special  state,  it  should  be  mentioned  that  the  JM-0.012 
MEA  seems  to  present  the  best  mass  activity  of  all  MEAs  although 
it  exhibits  very  poor  single  cell  performance,  of  course,  this 
inveracious  high  mass  performance  can  be  mainly  attributed  to  its 
ultra-low  total  metal  loadings  (0.012  mgPt  cm'2).  However,  if  only 
Pt  loading  is  involved  as  reference,  the  mass  activity  of  PED  Ir@Pt/C 
MEA  would  surpass  that  of  JM-0.012  MEA  many  times. 

Information  on  the  electron  and  proton  conductivity  of  the  MEA 
was  obtained  by  electrochemical  impedance  spectroscopy  (EIS) 
measurement,  which  could  help  understand  (i)  the  interface 


Fig.  8.  (a)  Polarization  curves  and  (b)  corresponding  bar  graphs  showing  the  current 
density  at  0.7  V  and  the  Pt  as  well  as  total  metal  mass  power  density  of  different  types 
of  MEAs. 


between  the  catalyst  layer  and  the  electrolyte,  (ii)  the  charge 
transfer  rate  and  (iii)  the  total  contact  resistance. 

Fig.  9  shows  the  Nyquist  plots  of  impedance  of  PED  Ir@Pt/C  MEA 
and  JM-0.1  MEA  at  0.8  V.  The  high-frequency  intercept  on  the  real 
axis  represents  the  total  ohmic  resistance  of  the  single  cell,  which  is 
consisted  of  the  ohmic  resistance  of  the  cell  components.  Generally, 
the  diameter  of  the  arc  mainly  reflects  the  charge  transfer  resis¬ 
tance  for  the  oxygen  reduction  reaction.  However,  since  the  cath¬ 
ode  for  each  MEA  have  the  same  composition  in  this  work,  thus  it  is 


Fig.  9.  In  situ  electrochemical  impedance  curves  of  PED  Ir@Pt/C  MEA  and  JM-0.1  MEA 
at  0.8  V.  The  insert  represents  an  RC  equivalent  circuit. 
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Table  2 

Resistance  of  single  cell  with  two  types  of  MEAs. 


Sample 

PED  Ir@Pt/C  MEA 

JM-0.1  MEA 

Rq(Q  cm2) 

1.04 

1.05 

Rct(^  cm2) 

0.43 

0.670 

reasonable  to  suggest  that  the  anode  process  may  bring  some 
subtle  effects  on  charge  transfer  [38,39].  Through  simulation  with 
an  RC  equivalent  circuit,  cell  resistances  (Rq)  and  charge  transfer 
resistances  (Rct)  of  the  two  MEAs  could  be  calculated  and  are  listed 
in  Table  2.  It  is  to  be  noted  that  the  PED  Ir@Pt/C  MEA  exhibited 
almost  the  same  ohmic  resistance  as  the  JM-0.1  MEA,  but  the 
former  had  a  lower  charge  transfer  resistance,  which  may  be  one  of 
the  reasons  for  the  enhanced  single-cell  performance  presented  in 
Fig.  8.  When  the  cathodes  were  fixed,  charge  transfer  resistance 
might  be  controlled  by  the  proton  conductivity  and  hydrogen 
permeability  limitations.  Thus  it  may  reflect  on  anode  process. 

4.  Conclusion 

In  conclusion,  we  prepared  a  low-platinum  MEA  by  in  situ 
construction  of  core-shell  active  nanoparticles  using  a  pulse  elec¬ 
trodeposition  method.  The  core-shell  structure  was  confirmed  by  a 
combination  of  material  and  electrochemical  characterizations.  The 
MEAs  exhibited  excellent  single-cell  performance,  its  mass  activity 
based  on  total  metals  loading  is  competitive  with  that  of  the  MEAs 
prepared  with  conventional  method  and  with  JM  Pt/C  catalyst 
(loading:  0.044  and  0.1  mg  Pt  cm-2)  as  the  anode.  We  suggest  that 
the  enhanced  performance  of  this  PED  MEA  may  result  from  the 
high  dispersion  of  Pt  on  the  surface  of  the  Ir  nanoparticles,  the  high 
exposure  caused  by  the  in-situ  constructed  core-shell  structure, 
and  the  interactions  between  the  ultra-thin  Pt  shell  with  the  Ir  in 
the  core. 
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